Abstract -A newly proposed and tested full-wave mixed potential mode-matching method is presented for the analysis of planar and/or quasi-planar transmission lines. The transmission lines under investigation consist of layered (stratified) and nonlayered dielectric substrates and metal strips of finite thickness. The y-directed hybrid TE and TM Hertzian potentials, perpendicular to the interfaces between each layered region, are employed in the layered regions. The nonlayered regions, which consist of dielectric step discontinuities that destroy the layered configuration in the horizontal plane, utilize the x -directed hybrid TE and TM Hertzian potentials parallel to the horizontal plane. As a direct result, the full-wave formulation of the transmission line problem becomes systematic and easy to handle. Extensive analyses of a particular case study show that the relative convergence criterion needs to be satisfied to obtain accurate electromagnetic field solutions. The theoretical results obtained here are in very good agreement with the published data for various transmission line structures, which are the special limiting cases of the particular case study. The applications of the new formulation to the proximity effects of microstrip and Microslab' lines are also illustrated by examples. Fig. 1 . A generalized planar and/or quasi-planar transmission lines structure for microwave, millimeter-wave, and optoelectronic applica-
tions of the new formulation to the proximity effects of microstrip and Microslab' lines are also illustrated by examples. M (MMIC's) and lightwave technologies have Prolifer-software, this paper proposes a full-+,ave field-theorybased technique to solve the propagation characteristics of the quasi-planar transmission lines shown in Fig. 1 , which consists of finite-thickness coupled metal strips embedded in multidielectric media. These dielectric subvendors [3i and is closely to the so-ca11ed producibility engineering Of MMIC's L1l, 13i. The key to the strates are of two types. One is commonly known as the layered (or stratified) configuration, defined in regions y € (O,yl) , ( Y , , Y J , ( y s , y , ) , and ( y 7 , y 8 ) . The other is the configuration, defined in regions E ( y 2 , y 3 ) first-time design success is the utilization of accurate simulation tools at the subsystem, circuit, device, and process levels in an integrated CAD-based environment [I] .
and reliable models for the planar and quasi-planar transmission lines in addition to the existing MMIC CAD and ( y 3 , y4). In the nonlayered configuration, obviously, dielectric discontinuities in the horizontal ( x ) direction uration, a full-wave formulation of the transmission line becomes difficult. The metal strips have finite thickness, which has a effect On tightly microstrip lines and finline structures [3]- [5] . Note that the losses'
Motivated by the need for providing accurate, realistic, occur. Because of the existence of the nonlayered configManuscript received November 26, 1990 : revised May 23, 1991 . This work was supported by the National Science Council, Republic of China, under Grant NSC80-0404-E009-50 and Contract CS80-0210- D009-21. metal strips are assumed to be perfect, without ohmic 
Y
ing ridged microstrip to reduce dielectric and conductor losses [ll] . Both ridged microstrip and Microslab [12] structures are special cases of Figs. 1 and 2(a). In the third example, a technique for improving the MMIC slotline resonator by reactive ion etching of the GaAs substrate also results in a nonlayered region [13, fig.. 11 . Finally, the proximity effects pointed out by Pucel [141 can also be easily described by Fig. 1 . Pucel defined two types of proximity effects. The first is a microstrip line near the edge of an MMIC substrate. The second is a microstrip line adjacent to a coplanar ground plane. Moreover, using the full-wave approach, the tangled effect of the nearby housing and the proximity effects can be analyzed accurately based on our formulation approach.
Thus it is very important to develop a full-wave field- The associated unknown coefficients in each region for use in the proposed mixed potential mode-matching formulation described in Section 11. Superscripts e and h denote TM and TE modes, respectively.
ically integrated both optical and electrical components on the same chip often mandate nonlayered guided-wave structures. For instance, when integrating MSM (metal-semiconductor-metal) photodectors with FET amplifiers in OEIC's, the metal strips for the MSM photodectors and FET's are in different layers with dielectric step discontinuities between the adjacent MSM photodector and FET [6, fig. 191 . Another application is the rigorous study of the propagation characteristics of travelingwave electro-optic modulators, which may consist of ridge or strip-loaded structures [7] , [8] or certain nonlayered dielectric substrates [9, fig. l(a) ].
Figs. 1 and 2(a) also have many interesting applications in millimeter-wave circuits. When fabricating a W-band monolithic cross bar mixer, an epitaxial layer structure of n-n+ grown in a semi-insulating substrate followed by proton bombardment for isolation will result in a nonlayered region as shown in Fig. 1 [lo, fig. 41 . In the second example, Young and Itoh proposed a novel superconductmulation technique using the Hertzian potentials in both the transverse x (horizontal) and y (vertical) directions of The new formulation is based on the fact that the Hertzian potentials can be expanded in arbitrary directions when constructing the full-wave solutions [23] . When closely observing the transmission line models shown in Fig. 1 or Fig. 2(a) , the dielectric discontinuities occur in the y direction for the layered regions whereas the dielectric step discontinuities appear in the x direction for the nonlayered regions. Consequently it becomes a natural choice to use the y-directed and x-directed hybrid TE and TM Hertzian potentials for the layered and nonlayered regions, respectively. This in turn matches the boundary conditions inside the layered and nonlayered regions. The efforts necessary to formulate the proposed mixed potential mode-matching method is then greatly reduced because few boundary conditions are left to be met. Note that in the conventional [12] , [24] and modified [25] , [26] mode-matching methods, the waveguides under analysis consist of layered substrates and the Hertzian potentials employed are in one direction only.
Section I1 describes in detail the proposed mixed potential mode-matching formulation. The formulation, however, can be extended to analyze the waveguide structure shown in Fig. 1 without much difficulty. Section I11 performs the convergence study of the proposed method. The rigorous spurious-mode-free solutions for the waveguide structure shown in Fig. 2 (a) are obtained and reported. The proximity effects of a shielded microstrip and a modified Microslab are presented in Sections IV and V, respectively. Their physical implications are also discussed. Finally Section VI concludes this paper.
FORMULATION: MIXED POTENTIAL MODE-M ATCH I N G METHOD
In this section we will use the simplified configuration of Fig. 1 , namely, Fig. 2(a) , as a test case to illustrate the procedure of formulating the proposed mixed potential mode-matching method. Fig. 2(a) is segmented into various regions. Regions 1, 2, 5, and 6 belong to the layered (stratified) regions. On the other hand region 3 is subdivided into subregions 31, 32, and 33, which constitute the nonlayered region. Region 4 consists of a perfectly conducting metal strip of finite thickness and the subregions 41 and 42 next to the metal strip. The entire guided-wave structure is enclosed by a perfectly conducting rectangular housing.
Assuming a time-harmonic factor e'"', in a homogeneous source-free region, the electromagnetic fields in terms of Hertzian potentials satisfying the Helmholtz equation are
Since the solutions for the Helmholtz equation are separable in Cartesian coordinates, ?iis)(x, y, z > and % f ) ( x , y, 2) in (la) and (lb) can be expressed as where s denotes the index of a region or a subregion corresponding to Fig. 2(a) . 8') is a unity constant vector in the x direction when s is equal to 31, 32, 33, 41, and 42 and in the y direction when s is equal to 1, 2, 5, and 6 in the formulation. The value of p ( q ) is either 0 or 1 when is in the x(y) or y(x) direction respectively. In what follows, subsections 11-A and 11-B describe the setup of the Hertzian potentials for the layered and nonlayered regions and the slot regions. Subsection 11-C lists all the boundary conditions in the horizontal plane. Subsection 11-D explains how to incorporate the boundary conditions and derives the final nonstandard eigenvalue equation by eliminating the coefficients associated with the Hertzian potentials in each region.
A. Eigenfunction Expansions for the Layered (Stratified)
Regions (s = 1, 2, 5, and 6) Referring to Fig. 2(a) , the hybrid TE-to-y and TM-to-y Hertzian potentials of (2a) and (2b) in the layered regions, where s = l , 2, 5 , and 6, can be expressed as
Expressions (4a) and (4b) are applied in regions 1 and 2, and expressions (4c) and (4d) are applied in regions 5 and 6, respectively. (s = 31, 32, 33) and the Slot Regions (s = 41, 42) Next to the Metal Strips In the nonlayered regions of Fig. 2(a) , where s = 31, 32, and 33, the hybrid TE-to-x and TM-to-x Hertzian potentials of (2a) and (2b) are (5a) and (5b) can be straightforwardly determined by matching the tangential boundary conditions at x = x32 = r and x = x33 = r + p , respectively [271.
B. Eigenfunction Expansions for the Nonlayered Regions
Note that (5a) and (5b) in region 3 satisfy the well-known biorthogonality relations
( 6b) where 6; is the Kronecker delta function. The eigenfunction expansions in the y direction are identical to those shown in (4a) and (4b).
C. Boundary Conditions in the Horizontal Plane
At interfaces y = y l , y = y,, and y = y s , the tangential electric and magnetic fields should match and the boundary conditions are
where s = 1, 2, and 5. At the interface y = y3(4), the tangential electric and magnetic fields should match as follows:
D. Coefficient Elimination Process
Fig. 2(b) depicts the setup of the corresponding coefficients of the eigenfunction expansions in subsections 11-A and 11-B. Although the coefficient elimination process in the classical [24] and the modified mode-matching methods [25] , [26] are well known, the proposed mixed potentials mode-matching formulation requires special attention. In view of Fig. 2(b) , one needs to eliminate the coefficients in order to reduce the matrix size of the final nonstandard eigenvalue equation for obtaining the value of the propagation constant ( y ) . Many possible forms for the final nonstandard eigenvalue equation can exist. This implies that the nonstandard eigenvalue equation is not unique. We will recommend a systematic procedure in three steps for eliminating the coefficients of Fig. 2(b) to such an extent that the analytical handling of the coefficient elimination process is not too involved and the use of mixed Hertzian potentials can be fully appreciated.
Step 1) Relating the Coefficients in the Layered Regions: By matching the boundary conditions (7a) and (7b) at y = y , and y = y s , respectively, and invoking the orthogonality relations of the eigenfunctions (3a) and (3b) in the layered regions 2 and 5, one obtains the following expressions relating the corresponding coefficients, namely
The procedure outlined here is similar to that reported in [28] and analogous to the modified mode-matching methods [25] , [261.
Step 2) Relating the Coefficients of the Layered and Nonlayered Regions: At y = y 2 , in particular, the boundary conditions (7a) and (%) should be satisfied between the layered and nonlayered dielectric regions. The biorthogonality relations for region 3, i.e., (6a) and (6b), are applied to the boundary conditions H,") = Hi''') and E:) = E:+'), where s = 2, since 4E(3) and $,h(3) do not take any derivative with respect to x for obtaining Ei3) and when using the x-directed Hertzian potentials. After some algebraic manipulation and using (8a) and (8b) to further eliminate and a:('), the abbreviated expressions relating the coefficients in these regions are 
Next the orthogonality relations for region 2 are applied to boundary conditions E?)= Thus we obtain the following abbreviated expressions:
and When the value of the propagation constant ( y ) is obtained, the electromagnetic field solution is solved by knowing the column vector x , which is within a constant multiplicative factor.
CONVERGENCE STUDY OF THE PROPOSED FULL-WAVE METHOD
To obtain the solutions for the propagation constant ( y ) in the matrix equation (16), one needs to truncate the matrix equation by using a finite number of eigenfunction expansion terms in each region. As pointed out by various authors [51, [26] , [27] , [29] , [30] , using basically the modematching method in different problems, the relative convergence criterion should be satisfied to obtain (1) good field matching at metal-dielectric interfaces [51, [261, [271; (2) fast converged susceptance values for iris-type discontinuity problems [29] ; and (3) an accurate solution for the reflection coefficient in microstrip step-discontinuity problems [30] , to name a few. It is plausible to speculate that the proposed mixed potential mode-matching method may encounter similar convergence problems.
Throughout this paper, the theoretical data associated with Fig. 2(a) are presented. Fig. 2(a) consists of a perfect metal strip of finite thickness, a nonlayered region with two dielectric step discontinuities located at x = r and x = r + p , respectively, and some layered regions. Note that, as shown in parts (a)-(c) of Figs. 3, the microstrip substrate either touches or separates from the sidewalls of the perfectly conducting electric enclosure. By setting the values of t , and 1, in Fig. 2(a) 5w, and w, respectively, where p is the substrate width and w is the width of the metal strip. Clearly the relative convergence problem exists in the new formulation since the normalized propagation constants of the three cases converge to different values as the value of N3, the number of eigenfunction expansion terms in the nonlayered region, increases.
The numbers of the eigenfunction expansion terms used in regions 1 through 6 are denoted N I , N2, N3, N4,, N42, N,, and N6, respectively. Since the relative convergence criterion for the interface between the metal and layered dielectric is already established [5] , [261, [271, [291, [30] , the ratio of Ns(Ns = N6) to N41(N41 = N42) is kept equal to the aspect ratio, i.e., 10w/4.5w (a/d4,) , in parts (a) through (c) of Fig. 3 . In Fig. 3(a) , the arrow heads point to the locations where the ratio of N3 to N41 ( N 3 to
N42) is equal to the' aspect ratio of a to d,, ( a to d42).
These points represent the condition whereby the relative convergence criterion is met at the interface between metal and nonlayered regions. The loci of these points, connected by the dashed line, depict a smooth and rapidly convergent property similar to the case of layered substrates reported earlier [5] , [27] . Here the same smooth loci satisfying the relative convergence criterion for both interfaces at metal4ayered regions and metal-nonlayered regions manifest the fact that the proposed formulation also mandates the relative convergence criterion as discussed before [51, [261, [271, [291, [301. In addition to the supporting evidence for the necessity of invoking the relative convergence criterion illustrated Fig. 4 , the solid line case with N3 = 60 satisfies the relative convergence criterion. By offsetting only two terms from N3 = 60, the resultant electric field patterns are in dashed and dotted lines. Clearly they exhibit some irregularities near the bottom left corner of Fig. 4 . Only the solid line, obtained by satisfying the relative convergence criterion, shows the smoothest electric field lines throughout the entire waveguide cross section. Therefore, to obtain very accurate electromagnetic guided-wave solutions based on the proposed formulation, the relative convergence criterion must be satisfied.
IV. PROXIMITY EFFECTS ON MICROSTRIP NEAR SUBSTRATE EDGE AND SIDEWALL
One application of the proposed formulation is the investigation of proximity effects of microstrip and Microslab. Before presenting the data for the proximity effects, we need to validate the new formulation by comparing the theoretic results with the available data. Fig. 5 plots the dispersion characteristics of the fundamental and higher-order modes from l to 25 GHz for a shielded symmetric microstrip with a layered substrate. The even-and odd-mode data reported by Yamashita et al. [31] are denoted by circle( 0 ) and plus( + ) symbols, respectively. The solid and dashed lines are for the evenand odd-mode data obtained by the present mixed potential mode-matching method satisfying the relative convergence criterion. The value of w / a ratio is equal to 0.1 and the finite conductor thickness is 1 pm. Fig. 5 shows that excellent agreement is obtained for the published data and those obtained by the proposed formulation. Fig. 6 shows the proximity effects of sidewall and substrate edge on the normalized propagation constant of an asymmetric microstrip. The normalized propagation constant is plotted against the spacing s, defined as the distance between the edges of the metal strip and dielectric substrate, using the distance q, defined as the distance between the sidewall and substrate edge, as the controlling parameter at three different frequencies. Note that we will use the same terminology for s and q in the next section studying the proximity effects of Microslab.
A. Validity CheEk of the Proposed Formulation

B. Microstrip Proximity Effects
Both s and q are normalized with respect to the width, w, of the metal strip. A GaAs substrate is assumed. The line width, w, and the substrate thickness, t,, are chosen so that a 50 (n line operating at a much lower frequency is established when the proximity effect is negligible. In the low-frequency limit, i.e. 0.1 GHz, the data obtained by the proposed method are in excellent agreement with those reported by Yamashita et al. using a quasi-TEM approach [32] .
Given a fixed s / w ratio in Fig. 6 and varying the distance q from 0 . 5~ to low, the normalized propagation constant increases. The case with a higher value of q means that the sidewall is moved farther. This results in less electromagnetic field energy in the air between sidewall and substrate edge. Therefore the propagation constant increases. When the value of the s /~ ratio increases to more than 5 at a given frequency, all the normalized propagation constants with respect to different values of q, namely, OSw, w , 2w, and l o w , approach the same value. This reflects the fact that the proximity effects can be negligible when the s / w ratio is greater than 5 for q 0 . 5~. On the other hand, when the s/ w ratio decreases, the microstrip is closer to the edge of the GaAs substrate this makes the proximity effects of the microstrip line highly subject to the location of the sidewall, since the electromagnetic field coupling between the sidewall and the microstrip line near the substrate edge have increased substantially.
Given a fixed value of s / w ratio and varying the value of q from 0 . 5~ to l o w , Fig. 6 also shows that the deviation of the normalized propagation constants decreases as frequency increases from 0.1 to 20 GHz. Conversely, given a fixed value of q and varying the s /~ ratio from 0.02 to 10, the deviation of the normalized propagation constants decreases as frequency increases from 0.1 to 20 GHz. Thus the effects of the sidewall and substrate edge, or the proximity, become less significant at higher frequencies. Again, these observations reflect the fact that the electromagnetic field tends to be confined underneath the metal strip at higher frequencies. Consequently any further structural variations in s and q will cause smaller perturbations in the electromagnetic field distribution at higher frequencies and result in less deviation of the propagation constants compared with the lower frequency data.
Next we investigate the proximity effects of double substrate edges on a symmetric microstrip. width, p , changes accordingly. When the value of s is greater than 2w, the normalized propagation constant remains nearly unchanged for further increases in s. Note that when s = 2w, q = 2 . 5~. This implies that we may place the microstrip 2w away from the substrate edge with q > 2 . 5~ without changing the propagation characteristics in the particular case study. Turning to Fig. 6 again, the proximity effects can be negligible when q 2 . 5~ for s 2 2w. Fig. 8 illustrates results that are essentially an extension of Fig. 7 . The same structural and material parameters are used in the analysis except that the substrate width, p , is fixed and the metal strip is placed in different locations measured from the substrate edge. It is interesting to note that, at f = 1 GHz, the variation of the normalized propagation constant for s = 0 to 2w is nearly half that of Fig.  7 . In Fig. 7 two substrate edges are close to the metal strip, whereas only one substrate edge is near the metal strip in Fig. 8 . Thus the proximity effects almost double in Fig. 7 in the low-frequency limit.
V. MICROSLAB PROXIMITY EFFECTS
The Microslab configuration discussed in this section is slightly different from that reported by Young and Itoh [12] . The modified structure shown in Figs. 9 and 10 takes into account the finite thickness of the metal strip and the extended dielectric substrate supporting the metal strip. There are at least two possible situations needed for analyzing the modified structure of Microslab. First, it is likely that, in practice, the supporting dielectric substrate will extend beyond the edge of the metal strip during the fabrication phase. Second, the modified Microslab waveguide may offer a greater degree of freedom in use. Fig. 9 shows the effect of an extended supporting dielectric substrate on the normalized propagation constant versus frequency with the structure shown at the upper left t, + t6 = 5.829 mm, r = 9 = 3 mm, p = 6 mm = 5w, E* = 9.7, = 12.9, = 9.7, others E , = 1.0,
corner of the figure. In the particular case study, when s and s1 are equal to zero, the edges of the metal strip line up with the edges of the supporting dielectric substrate. (s = sl) from 0 to 2w, the dispersion curves move upward.
This implies that the higher the value of s, the less dispersive the propagation characteristics of the modified Microslab. The proximity effects from the extended supporting dielectric substrate are less significant at higher millimeter-wave frequency than at very low frequency for the particular structure under analysis. Fig. 10 shows the proximity effects of the extended supporting dielectric substrate on the dominant mode normalized propagation constant of a shielded asymmetric Microslab. As the metal strip moves toward the edge of the supporting dielectric substrate, the value of s changes from 2w to 0. Similar to the results illustrated in Fig. 9 , the variation of the normalized propagation constants at 1 GHz are much greater than at 70 GHz when s changes from 0 to 2w. The influence of the proximity effects of the substrate edge on the propagation constant is also less significant at higher frequencies. As a result, the Microslab, whether symmetric or asymmetric, is more subject to the proximity effects in the lower frequency region.
VI. CONCLUSION
This paper proposes and validates the full-wave mixed potential mode-matching method for the full-wave analyses of a class of quasi-planar transmission lines containing layered and nonlayered substrates and finite metal thickness. The formulation of such guided-wave structures is derived in a systematic and easily implemented way. Extensive study of the convergence property of the new formulation is conducted and the results indicate that the relative convergence criterion needs to be satisfied for very accurate electromagnetic field solutions. This leads to a faster convergence property desired for most CAD (computer-aided design) modeling since the size of the nonstandard eigenvalue equation is reduced by using fewer expansion terms. By only offsetting two expansion terms from the required relative convergence criterion for a particular case study, some irregularities appear in the transverse electric field patterns of a microstrip on a finite-width substrate.
The validity of the proposed method is also confirmed by checking its results against the available published data for microstrip and Microslab, which are the reduced geometries of the particular case study shown in Fig. 2(a) . Finally the dispersion characteristics of the proximity effects are investigated for the microstrip and Microslab. The physical implications of such data are discussed in detail.
